We present a new 3D correlation imaging approach for magnetic total field anomaly and its vertical gradient for deriving a 3D equivalent magnetic dipole distribution in the subsurface. In this approach, we divide the subsurface space into a 3D regular grid, and then at each grid node calculate cross correlation between the observed magnetic total field anomaly (or its vertical gradient) and the theoretical magnetic total field anomaly (or its vertical gradient) due to a magnetic dipole. The resultant correlation coefficients are used to describe the equivalent magnetic dipoles distribution in a probabilistic sense. The approach was tested both on the synthetic magnetic data of a model of multiple rectangular prisms and on the real aeromagnetic data from an iron-ore deposit area in the middle-lower reaches of the Yangtze River, China. The results show that the equivalent magnetic dipole distribution derived by the approach basically reflects the subsurface magnetic sources and also illustrate that the approach for the vertical gradient produces a higher resolution of the equivalent magnetic source distribution than that for magnetic total field anomaly alone.
Introduction
Magnetic exploration has been playing an important role in many fields of the Earth sciences, such as tectonic studies, resource exploration, and engineering and archaeology investigations. One important step in quantitative interpretation is the inversion of magnetic data for estimating the magnetism (magnetization or susceptibility) model of the subsurface.
There have been two basic approaches to 3D magnetic inversion. One approach fixes the geometric parameters of the model by subdividing the subsurface space into a set of rectangular cells, and then estimates the unknown magnetization or susceptibility of every cell automatically using some iterative optimization technique to minimize a specific target function (Bhattacharyya 1980, Guillen and Menichetti 1984) . The alternative approach assumes constant magnetization or susceptibility parameters and estimates the unknown geometric parameters of the model either manually by trial and error or automatically by using some iterative optimization technique. However, both of these approaches have the principal difficulty of the inherent nonunique solutions, because not only infinitely many models can fit the known magnetic data but also the magnetic data are observed finitely and are contaminated by error. Meanwhile, the former approach also requires large amounts of computer memory and computation time Zhdanov 2002, Li and Oldenburg 2003) . Numerous techniques have been developed for trying to deal with the nonuniqueness and computation problems. These include inversion with constraints of a priori information or depth weighting (Zeyen and Pous 1991, Li and Oldenburg 1996) , preconditioned conjugate gradient algorithm (Pilkington 1997) , regularized focusing inversion (Portniaguine and Zhdanov 1999) , compression techniques based on cubic interpolation (Portniaguine and Zhdanov 2002) , wavelet transforms and the logarithmic barrier method (Li and Oldenburg 2003) , and data-space inversion with sparseness constraints (Pilkington 2009 ). Li et al (2010) proposed a comprehensive methodology for 3D inversion of magnetic data when remanent magnetization is present with an unknown direction of magnetization.
The Euler deconvolution (Reid et al 1990) is another approach to estimate the depth of the magnetic causative sources by solving the Euler homogeneous equation with the known data of magnetic anomaly and its gradients as well as structural indices of geological sources. This approach is simple and fast in calculation, but it has difficulty in determining structural indices for the unknown geological sources in the subsurface. Salem et al (2007) present a tilt-angle derivatives approach for estimating the depth of a magnetic causative source without the requirement of structural indices of geological sources. However, high quality magnetic anomaly is required to obtain good magnetic gradients and tilt-angle derivatives for the approach.
The geophysical probability tomography approach is a new imaging method for estimating the equivalent physical property distribution of the subsurface in a probabilistic sense. It was originally presented for the self-potential method (Patella 1997) and then extended to geoelectrical, EM induction, gravity and magnetic methods (Mauriello and Patella 1999a , 1999b , 2001a , 2001b , 2005 , 2008 , Chianese and Lapenna 2007 . The magnetic probability tomography approach (Mauriello and Patella 2005 , 2008 , Chianese and Lapenna 2007 ) is used to interpret three components of the magnetic field. The approach requires no prior information for tomography and demands a low amount of computer memory by using a variable size moving-window algorithm. However it is unable to distinguish causative sources distributed in a complicated situation except for a simple and isolated one. Based on the principle of the gravity probability tomography approach Patella 2001a, 2001b) , Guo et al (2011) presented a new correlation imaging approach for the vertical gradient of gravity anomaly, which greatly improves the resolution of equivalent mass distributions in the subsurface.
In this paper, we extend the correlation imaging approach to magnetic data. We present the correlation imaging approach for magnetic total field anomaly and its vertical gradient for producing an equivalent magnetic source distribution in a probabilistic sense. We illustrate the approach with both synthetic and real examples.
Method
At a survey area, we take a coordinate system with the (x, y)-plane at the sea level and the z-axis positive downward. Supposing that an arbitrary homogeneously magnetized sphere q(x q , y q , z q ) is present in the subsurface, its volume is v q , its total magnetization is J q , and its magnetic moment is M q = J q v q . The inclination and declination of the geomagnetic field are I 0 and A 0 respectively, while those of the total magnetization of the sphere are I and A respectively. We regard the sphere as a magnetic dipole since the outside magnetic field of the homogeneously magnetized sphere is equivalent to the magnetic field of a dipole at the center of the sphere. The theoretical magnetic total field anomaly at an arbitrary magnetic station (x i , y i , z i ) on the observational surface caused by the dipole q can be calculated by the three components of the magnetic field:
where
are the x, y and z components of the magnetic field at the station, respectively, and l = cos I 0 cos A 0 , m = cos I 0 sin A 0 , n = sin I 0 . Guo (2004) derived the theoretical magnetic total field anomaly in formula (1) as the following:
where μ 0 is the vacuum magnetic permeability and B q (x i , y i , z i ) is the geometrical function of the dipole q for the magnetic total field anomaly at the station:
Calculating the vertical derivative of formula (2), we obtain the vertical gradient of the theoretical magnetic total field anomaly at the station (x i , y i , z i ) due to the dipole q (Guo 2004) :
where B z,q (x i , y i , z i ) is the geometrical function of the dipole q for the vertical gradient of the magnetic total field anomaly at the station:
We define the correlation coefficient function between the observed magnetic total field anomaly and the theoretical magnetic total field anomaly caused by the dipole q as
where T (x i , y i , z i ) is the observed magnetic total field anomaly at the station (x i , y i , z i ), and N s is the total number of observed stations.
3D correlation imaging of magnetic total field anomaly and its vertical gradient Supposing J q > 0, then substituting formulas (2) and (3) into formula (6) yields
According to the Cauchy inequality, we know that the correlation coefficient C q in formula (7) satisfies the condition −1 C q +1.
The value of C q reflects the cross-correlation degree between the observed magnetic total field anomaly and the theoretical magnetic total field anomaly due to the dipole q. It implies the probability of a magnetic dipole with the total magnetized inclination I and declination A at the point q being responsible for the observed anomaly. A low absolute value of C q means a low probability of the occurrence of a magnetic dipole at the point q, while a high positive C q indicates a high probability of the occurrence of a magnetic dipole with the total magnetized inclination I and declination A . A high negative C q indicates a high probability of the occurrence of a magnetic dipole, the values of whose geometric function (formula (3)) are opposite to those of the magnetic dipole with the total magnetized inclination I and declination A .
We call the approach 3D correlation imaging since it derives the subsurface equivalent magnetic dipole distribution in a probabilistic sense by calculating the cross correlation between the observed magnetic total field anomaly and the theoretical magnetic total field anomaly due to the dipole q.
To apply the 3D correlation imaging procedure to observed magnetic total field anomaly data, we first divided the subsurface space into a 3D regular grid. Then by using formulas (7) and (3), we calculate the correlation coefficient at each node of the 3D regular grid from the top to the bottom in turn. This yields a 3D correlation coefficients dataset. By visualizing the dataset in 2D or 3D form, we can describe the equivalent magnetic dipoles distribution underground according to the values of the correlation coefficients. Likewise, the correlation coefficient function for the vertical gradient of magnetic total field anomaly can be defined as
∂ T (x i ,y i ,z i ) ∂z
is the vertical gradient of the observed magnetic total field anomaly at the station (x i , y i , z i ).
The meaning of C z,q is similar to C q . The 3D correlation imaging procedure for the vertical gradient of observed magnetic total field anomaly calculates the correlation coefficient at each node of the 3D regular grid from the top to the bottom in turn by using formulas (8) and (5).
Data experiments
In this section, we tested the above 3D correlation imaging approach separately on synthetic magnetic data and on real aeromagnetic data.
Test with synthetic magnetic data
The test model consists of eight obliquely magnetized rectangular prisms of various sizes ( figure 1(a) ), among which the larger prisms A1, A2 and A3 are deep and smaller prisms B1, B2, B3, B4 and B5 are in the shallow subsurface. The geometric parameters of each prism are listed in table 1, and the magnetization of each prism is 1 A m −1 with the total magnetized inclination 50
• and declination 10
• . Supposing the inclination and declination of the geomagnetic field are the same as those of the magnetization of the model, we did the forward modeling of the model for magnetic total field anomaly and its vertical gradient on a topographical surface ( figure 1(b) ). The observed geometry and 2% of the datum magnitude. The anomalies caused by prisms A3, B3, B4, and B5 are isolated, while the anomalies of prisms B1 and B2 are respectively superimposed on the anomalies of prisms A1 and A2. Obviously the vertical gradient ( figure 1(d) ) has a higher resolution than the original anomaly ( figure 1(c) ).
Then we tested the 3D correlation imaging approach separately on the synthetic magnetic total field anomaly and the vertical gradient with a depth step of 0.1 km and a depth extent of −3 to 0 km. Here 50
• inclination and 10
• declination of the total magnetization were used in formulas (3) and (4). Figures 2(a)-(c) show maps of the correlation coefficients calculated for the synthetic magnetic total field anomaly along profiles A-A , B-B and C-C (shown with black lines in figure 1(b) ). Figures 2(d) -(f ) display those of the synthetic vertical gradient. The outlines of the true prisms were also drawn by black lines in each map. The high positive values of correlation coefficients in each map (bright portions) imply a high probability of the occurrence of a magnetic dipole with total magnetized inclination 50
• and declination 10 • , and the low positive values of correlation coefficients (weak gray color portions) indicate a low probability of occurrence of a magnetic dipole.
Compared with the outline of the true prisms, the equivalent magnetic dipole distributions in figures 2(a)-(c) cannot easily reveal the shallow prisms B1-B5, and cannot distinguish horizontally the prisms A1 and A2. However, the equivalent magnetic dipole distribution in figures 2(d)-(f ) can distinguish the deep prisms A1-A3 and clearly discloses the shallow prisms B1-B5. Overall, the resolution of the 3D correlation imaging for the vertical gradient is apparently higher than that for the magnetic total field anomaly alone.
Test with real aeromagnetic data
The real aeromagnetic data were from a metallic deposit area in the middle-lower reaches of the Yangtze River in China. The deposit is associated with the magma activity of the Yanshan period, Mesozoic time, and is controlled by a series of NWW-SEE trending compressive structural zones. The metallic ore is located in the contact zone between the Triassic strata and intrusive diorites and the associated secondary faults. The primary ore is magnetite, which has a strong magnetism with average susceptibility 80 000 × 10 −5 SI and has a strong remanent magnetization. In the deposit area, the marble has almost no magnetism, the diorite is of medium magnetism with susceptibility in the range 1000 × 10 −5 to 7000 × 10 −5 SI, and the skarn rock near the metallic ore has a strong magnetism with susceptibility in the range 10 000 × 10 −5 to 100 000 × 10 −5 SI. An aeromagnetic survey was carried out over this area. The flight lines trend N35
• E perpendicular to the strike of the ore-controlling belt with line spacing about 100 m. Assuming N35
• E is the positive direction of Y-axis and S55
• E is the positive direction of X-axis, we respectively gridded the flight altitude data ( figure 3(a) ), the elevation data of the surface ( figure 3(b) ) and the observed magnetic total field anomaly (figure 3(c)) on a 181 × 181 regular grid with grid spacing 20 m. The inclination and declination of the geomagnetic field are 45
• and −3.3 • , respectively. We then transformed the magnetic total field anomaly to obtain its vertical gradient ( figure 3(d) ) by the frequency domain dipole layer method (Wang et al 2009) .
Then we tested the 3D correlation imaging approach on the magnetic total field anomaly and the transformed vertical gradient respectively with the depth step of 20 m and a depth extent of −1000 to 480 m. In this case, both the inclination and declination of total magnetization of magnetic dipole used in formulas (3) and (4) The high positive values of correlation coefficients on the right side of figures 4(a)-(c) (bright color portions) indicate a high probability of the occurrence of a magnetic dipole, which is coincident with the actual diorite terrane of medium magnetism. The low absolute values of correlation coefficients on the left side of figures 4(a)-(c) mean a low probability of occurrence of a magnetic dipole, which is coincident with the actual marble terrane of almost no magnetism. However, figures 4(a)-(c) cannot reveal the known magnetite and skarn of high magnetism located in the contact zones between the diorite terrane and the marble terrane. Figures 4(d)-(f ) show a much higher resolution of the equivalent magnetic dipoles distribution in the subsurface. The obvious high positive values of correlation coefficients in the middle of figures 4(d)-(f ) (bright color portions) mean a high probability of the occurrence of a magnetic dipole. And they are close to the locations of the known magnetite and skarn of high magnetism.
Conclusions
We have presented the 3D correlation imaging approach for magnetic total field anomaly and vertical gradient data. In this approach, we calculate the cross correlation between the observed magnetic total field anomaly (or its vertical gradient) and the theoretical magnetic total field anomaly (or its vertical gradient) due to a magnetic dipole at each of the subsurface 3D regular grid nodes. The resultant correlation coefficients are used to describe the equivalent magnetic dipole distribution underground in a probabilistic sense. Tests with synthetic magnetic data and real aeromagnetic data show that the resultant correlation coefficients of the approach can delineate causative sources in the subsurface. The results also illustrate that 3D correlation imaging for the vertical gradient data produces higher resolution of the equivalent magnetic dipoles distribution than that for the magnetic total field anomaly alone.
The approach is simple, easy to perform, computationally stable with low requirements for computer memory, and insensitive to noise in observed data. It can do the imaging stably for a large-scale observed dataset. The approach is suited to be used in the early stages of the interpretation process for an early evaluation of the subsurface magnetic source distribution, especially when no or little a priori information is available.
